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ABSTRACT 

fon figuring of optical components is a relatively new technology that can alleviate some of the problems associated 
with traditional contact polishing. Because the technique is non contacting, edge distortions and rib structure print 
ough do not occur This initial investigation was aimed at determining the effect of ion figuring on surface 
roughness of previously polished or ductile ground ceramic optical samples. This is the first step in research directed 
toward the combination of a pre-finishing process (ductile grinding or polishing) with ion figuring to produce 
finished ceramic mirrors. The second phase of the project is focusing on the development of mathematical algorithms 
that will deconvolve the ion beam profile from the surface figure errors so that these errors can be successfully 
™Srvn ^optical components. In the initial phase of the project, multiple, chemical vapor deposited silicon 
b de (C VD SiC) samples were polished or ductile ground to specular or near-specular roughness These samples 
were then characterized to determine topographic surface information. The surface evaluation consisted of stylus 

^m°r ,ry n‘s terfer r e " y : t nd . ° Pt,Cal a " d SCaiining electron microscopy. The surfaces were ion machined to 
ThC inished sur,aces were characterized to evaluate the effects of the ion machining process 
with respect to the previous processing methods and the pre-existing subsurface damage. The development of the 
control algonthnas for figuring optical components hits been completed. These algorithms have been validated with 
simulations and future experiments have been planned to verify the methods. This paper will present the results of 
the initial surface finish experiments and the control algorithms simulations. 

INTRODUCTION 

In the new precision fabrication facility currently being implemented at Marshall Space Flight Center (MSFC) the 
ion figuring technology is being evaluated to complement traditional high precision material removal techniques 
lhe use of neutral ion beams to remove selected material has been developed and is currently in use at a few 
commercial installations and research facilities [1-10], These implementations typically use the process for final 
figure correction on meter class optical components. The new facility at MSFC will develop and evaluate this 
technique for producing the optics required on many of NASA's missions. The initial work focuses on die production 

0 centimeter scale optics to achieve the extremely tight tolerances in a reasonable time. After the development work 
has been completed, the fabrication procedures will be optimized for the particular requirements of various missions. 

1 his technology is extremely important to advance the fabrication techniques used in the production of high 
precision components. The process has a wide variety of commercial applications in the areas of optics 

^ ufaC ‘ Unng as wdl as °if? er P° tential uses in fields where components are required with precision figureand 
surface finish tolerances. The use of neutral ion sources for material fabrication is probably one of the key 
technologies for manufacturing in the next century. y 

Loose abrasive polishing and ductile regime grinding are two fabrication processes that can provide optical quality 
surface finish on a glass or ceramic mirror. Polishing usually involves loose abrasive particles working between a 
, pad and 1116 ™ ir ™ r material, creating the desired surface characteristics by either frictional abrasion or 
chemical reactions or both. A newer fabrication procedure dial can potentially be used for optical surface fabrication 

grinS^marh 116 g ^ ding [1 M41 ‘ In **** technit l ue - Ule substrate is formed on a precisely controlled fixed abrasive 
grinding machine. The process parameters are controlled to allow for material removal by plastic deformation instead 

fraCtUre ' ^ ^'fl'" 8 and ducule g nn dmg can produce the angstrom level surfaces required by precision 
optical components. It should be noted that die ion figuring technique require that the mirror segments have optical 

< p" r h h S P nor t0 figuring since the ion machining can not currently be utilized to improve the finish 

f h T!T ts Pollshln g 30(1 ductile-regime grinding will be evaluated as preliminary fabrication technologies in 
which the contour accuracy of the component is achieved to widiin 1-2 pm of the final specification and the 
component is finished to the final surface roughness specification. Subsequent ion-figuring will then be used to 
improve the contour accuracy while maintaining angstrom-level roughness. 
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The use of neutral ion beams to remove selected material has been developed for final figure correction on meter class 
optical components [5-8], The technique has been developed for this size application with commercially available, 
three to five centimeter ion sources. These sources are utilized for the correction of large and middle spatial frequency 
errors on optical components. The procedure uses an interferometric contour subtracted from an ideal contour to 
produce a map of the figure errors. The process itself is based on a momentum transfer from previously ionized 
molecules of inert gas. This results in molecular level sputtering of the substrate material. The basic operation is 
depicted in Figure 1. 



Figure 1 Schematic of ion figuring process. A semi-Gaussian ion function imparts the final figure contour on the 

substrate by computer controlled translation and rotation. 

The new research facility at MSFC will focus on using the technique for the figuring of centimeter scale optics [15]. 
This facility was constructed around a surplus sputtering chamber obtained for this program. This chamber was 
retrofitted with a 3 cm, Kaufman filament type ion source [16]. This source is driven by a programmable power 
supply which can provide current densities to 10 mA/cm 2 . The basic system is shown in the computer model of 
Figure 2. 



Figure 2 Solid model of the ion figuring system components. 

The initial experiments were designed to evaluate die machining characteristics of Chemical Vapor Deposited silicon 
carbide (CVD SiC). The polished samples were 3 cm diameter and the ductile ground samples were 6 mm wide by 25 
mm long rectangular pieces. The polished samples were processed by lapping with an oil based diamond compound. 
The ductile ground samples were obtained from the same batch as the polished samples. They were mounted on steel 
sample holders and ground in the ductile regime with a fixed abrasive diamond grinding wheel. 
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to determine to beam current profile and hence to expected material removal rate on 

C P In ,^ ls ex P enment > a polished, circular sample was located beneath to ion beam so that to 
Sa T ,e W r OUld corre JP° nd with point Of maximum beam intensity. One h5f of th^pie w* 
t . ® d to areference surface for ste P height measurements. This process is depicted in Figure 3. Throughout 

th^ 6 p^POHn^nts- the , ons were produced from Argon gas. After the sample was ion machined for a specified period 

JJh T SU f rfaces was measured with a Ta ly s urf stylus profilometerKSSS 

th respect to tune. Figure 4 shows a plot of to measured machining rate versus to distance from to beam center. 
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Figure 4 Machining profile of 3 cm ion source. 

Once the samples were polished or ground, surface characterization measurements were made. Unmagnified, visual 
lamination revealed no scratches or pits in any of to samples. Optical microscopy to 400 x3 ly revealed ^ 

Slem TV? SnS 10 " 31,(1 gro ° ves . 0n *** ground samples caused by to grinding crossfeed, especially on 
sample Dl The samples were viewed with a scanning electron microscope (SEM). There were small (i 100 - 200 

r a r^ SC °rr iUeS : iS ' b ! e in ^ SEM micro 8 ra P hs of ** 8 round samples. On all the polished samples, 
small (~ 100 nm wide) scratches became visible. All the samples were measured to determine to surface roughness 

tT t0 rf° n m rf hmin8 |‘ WaS determined 11131 he surfaces roughness of to samples was below to noise 
Talysurf profilometer The initial measurements were instead made on a WYKO optical profilometer to 

HnwT i 0,6 SUrf ^ e , rOUghneS 1 s - Ductlle ground ^P 16 MD4 " was also measured by Mark Gerchman of Rank Taylor 
. , n ’ nc j on a Talystepstylus profilometer for verification. Multiple measurements were made for each sample 

ied from 7 56 TIo 7 K ft WYK0 11313 for 33 «• approximately 235 x 235 

A g ™ 7 ', 56 ± 2 07 ^ 10 12-77 ± 4-65 ^ for 1116 polished samples and from 12.87 ± 4.94 A to 52 25 ± 34 51 

RMS for a S ^ ** ^ " D4 " gaVC “ 3Verage rou ^ness of 13.14 ± 5.24 A 


SURFACE FINISH RESULTS 


Mter to initial surface finish evaluation, the samples were ion machined in a fixed position with respect to the 
beam, so that to total depth profile at various positions on the sample surface could be correlated with the ion 
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machinin g depth profile plotted in Figure 4. These samples were then examined to determine the effect of the ion 
sputtering process. During machining, the samples could be viewed through a transparent port in the vacuum 
chamber This examination revealed an interesting phenomenon: previously hidden damage on the polished samples 
became highly visible after only a few minutes under the beam. After machining, some of the samples showed 
extensive damage when examined under an optical microscope. The extent of this damage increased with an increase 
in ion machining depth. Optical micrographs revealed hemispherical pits uncovered by the ion machining process on 
the polished samples. The pits are believed to have been formed at the sites of sub-surface damage caused by the 
loose abrasive polishing with the larger grit diamond. The size of the pits are approximately 10 to 20 pm diameter 
which corresponds to the fracture size expected from the initial polishing stage with 15 pm diamond. Because of the 
lack of a controlled polish, it is probable that the fractures from previous grit sizes was not completely removed in 
subsequent steps and were left as sub-surface damage. These damage sites were then uncovered by the ion figuring. 
The micrographs of Figure 5 appears to verify the hypothesis that the pits are formed in the areas of sub surface 
fracture. Figure 5 shows a line of these hemispherical pits formed on an uncovered sub-surface scratch. These pits 
apparently follow a scratch line where fractures occur under the stresses induced while polishing with the larger grit 
sizes. 



Figure 5 Optical micrographs of subsurface fracture revealed by ion machining on a polished CVD SiC sample 

(200 X left and 400 X right). 
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Figure 6 Schematic of the proposed crack propagation process. The layer that provided stress equilibrium is 
removed and the sub-surface crack propagates eventually reaching the surface. 

It is believed that the pitting sites are formed when the lateral cracks caused by the forces of the individual diamond 
grits are uncovered. The lateral cracks may potentially propagate due to the removal of the plastic flow layer which 
initially provided the stresses required to maintain equilibrium. Figure 6 demonstrates this idea schematically. When 
the plastic layer is removed by the ion sputtering process, the equilibrium condition is modified by removal of the 
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compressive surface layer with the resulting increase in tensile stress below the surface, and the cracks grow. When 
the surface layer meets the extended lateral crack, the material above the crack is expelled, (releasing the residual 
stress) to reveal the hemispherical pits. The thermal loading inherent with the ion figuring process may be a 
contributing factor. The areal density of these fracture sites appears to directly correlate with the density of the ion 
beam current and hence with the machining depth. 


The ground samples were also evaluated optically. The samples ground in the ductile regime showed only a few 
fracture sites in localized areas of the samples. These areas appeared to correspond with sites which may have 
undergone some soatching during the grind. However, most of the areas were free of fracture. The pits shown range 
from 3 to 8 pm diameter which is similar to the diamond grit size of 4 to 8 pm. The brittle ground sample ”D1" 
showed some hemispherical pitting similar to the polished samples. Surface roughness measurements were also 
made on the figured samples. Prior to machining, six measurements were made at random locations for each of the 
samples with the WYKO optical profilometer. These results were averaged and are shown in Table 1 . 


Sample 

WYKO Data (A) 

PI 

7.56+2.07 

P2 

7.95+0.62 

P 3 

10.5+5.31 

P4 

12.77+4.65 

Dl 

52.25+34.51 

D2 

15.78+4.02 

D3 

12.87+4.94 i 

D4 

17.45+2.07 


Table 1 RMS surface finish of CVD SiC samples (WYKO measurement area approximately 235 x 235 pm). 

After ion machining, the samples were again measured with the optical profilometer. Those samples exhibiting 
significant pitting (including all of the polished samples and two of the four ground samples) could not be measured 
with the WYKO optical profilometer. The steep slope of the pit edges exceeded the measurement capacity of the 
optical profilometer. Data was obtained from the WYKO for three of the ground samples that had relatively few pits 
(ductile ground samples D2, D3 and D4). The RMS surface finish measurements made over the entire surface were 
averaged to obtain 15.77 ± 2.14 A for sample D2, 17.98 ± 4.06 A for sample D3 and 23.01 ± 6.95 A for sample 
D4. The area of measurement for the samples was approximately 470 x 470 pm for D2 and 235 x 235 pm for D3 
and D4. This surface roughness revealed no significant increases as a function of machining depth. Those samples 
tfiat could not be measured with the optical profilometer were instead measured using a Talysurf stylus profilometer. 
This data at each ion machined depth was collected in four linear, 1 mm traces of the samples with no filtering. The 
RMS roughness average of each set of four traces is plotted against ion machining depth in Figures 7 and 8. Figure 

7 shows die surface roughness as a function of ion machining depth for the polished samples. There is an obvious 
increase in the surface roughness at the greater machining depths. This roughness increase is primarily due to the 
pitting that occurred in these polished samples. 

Sample "P4 M does not show the same increase in roughness as the other polished samples. This sample was polished 
for a longer time than the others, suggesting that the observed pitting may be the result of rough-machining steps 
prior to polishing, and that the polished samples were not polished long enough to remove all prior damage Figure 

8 shows the surface roughness measurements for the ground sample Dl. The other ground samples exhibited 
roughness that was below the noise floor of the Talysurf profilometer. The sample, Dl, which was ground in the 
brittle regime, exhibits the same trend of increasing roughness with ion machining depth that was observed in the 
insufficiently polished samples. Before ion machining, Dl had a roughness of 52 A RMS. Also this sample had an 
abundance of damage sites that became visible under the optical microscope after ion machining. It should be noted 
that the vertical resolution of the Talysurf is 10 nm and results in the absence of measurements below this threshold 
in Figures 7 and 8. The pitting exhibited on the polished samples and the ground sample Dl prevented Wyko 
optical profilometry measurements for these samples. 

DISCUSSION OF SURFACE FINISH EXPERIMENTS 

From these results, it seems apparent dial ion machining acts to expose, and possibly amplify, any pre-existing 
subsurface damage in specularly finished CVD SiC. This exposure of damage causes significant roughening of the 
surface, diminishing its optical quality. Both pre-finishing techniques, grinding and polishing, can be used to 
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generate specular surfaces. However, the roughness of the finished surface is not indicative of the extent of subsurface 
damage. All of the polished samples, and three of the four ground samples exhibited RMS roughness before ion 
machining that were below 20 A. After ion machining to a depth of 5 Jim, those samples having significant and 
visually apparent subsurface damage exhibited increases in RMS roughness to as much as 1400 A, while those 
samples that showed no evidence of subsurface damage exhibited almost no increase in RMS roughness. 
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Figure 7 Surface roughness variation with ion machining depth for polished samples. 
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Figure 8 Surface roughness variation with ion machining depth for brittle ground sample Dl. 

The subsurface damage uncovered by ion machining might have been the result of rough machining processes prior 
to polishing or grinding, or they might have been introduced by these finishing processes themselves. The 
evolution of roughness in the polished samples, however, provides evidence suggesting that prior machining 
processes are responsible: the polished sample exhibiting the least amount of subsurface damage had been polished 
for at least twice as long as the other samples but no verifiable material removal measurements were ever made 
during the polishing. If the polishing process itself were a primary contributor to the subsurface damage, this sample 
would have been expected to exhibit at least as much damage as the others. It is perhaps not surprising that the 
subsurface damage from previous rough machining was not completely removed in the polished samples: the large 
value of hardness exhibited by SiC causes it to have an exceptionally low polishing rate. These polishing 
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X rim K n f Were C 1 ?, ndUCted With diamond abrasive on a K ^et lap and with B 4 C abrasive on a cast iron lap 
the incilas^polisttnj^ lo^ng^oidd i^lf nKdtin poU^-induc^d subsurface daaage 6 ' * “ ^ p0 “ lble ^ 

M^S rauglmess ,n .he 10-20 A range, wiUrom inlroducing an, snbsnrfacTdamage.T^rgnS n^t 

ESSSSK?^^ 

23= - srsss k“i 

Str ° ng ev,deace 11131 eeranuc mirrors could be produced by pre-finishing in a ductile machining process (either 
ductile-regime grinding or polishing), followed by ion machining. A distinct advanSSof SSTSSSSS 

31 K end K° f 7 i0n mil,ing process ’ ** surface is atomSy S, °md U is in a v£ UU m 

chamber. This means that the surface is ready for any subsequent coating processes that ttfTto t*rfo™ Jon Z 

nurror, processes that generally require atomic cleanliness and a vacuum environment any way ^ °" ** 

FIGURE CONTROL ALGORITHMS 

.wS? 3111 StC? ‘ n thC fabrication of 311 °P tical component involves the expensive and time consuming process of 
mipartmg a precise contour on the optic. Ion beam figuring provides a highly deterministlc meZd LSn^ 

" fr m £ ° f ° pU u r com P onents Wlth advantages over conventional methods The repeatability of the 
Snl ^ WS H the PO H S 1 ,blllly ° f Sing,e Step figuri " g > resulting in significant 

pffrrK 8 /o^ h,ng 7 apping ’ 10n flgunng 1S non-contacting and so avoids several problems including- edge 
effects tool wear, and loading of the work piece. The work discussed here is directed towmlTe ctevSem of 
control algorithms for , on machining of small (<10 cm diameter) optical components T^develonmerof the 
g onthms has proceeded in three steps: 1) the development of control algorithms; 2) the use of a simulation to 
verify the methods and to identify important issues that are critical for the proper oiration of the s^mTihP 

fnn<f raU °!i ° f .7 CO ? tr< i lling algonthms with 1116 other components. Experimental testing of the system will then 
ow mid includes the figuring of chemically vapor deposited silicon carbide (CVD SiC) and fused silica samples 
An emphasis will be placed on CVD SiC that have been previously fabricated by ductile-reg^e ^Sding P 

^ , rtiH« fl f Unng ii Pr ° CeSS 1 w° lveS bombarding 3 surface with a temporally and spatially invariant beam of neutralized 
part cles, typically argon. Material on the surface is consequendy sputtered away. The rate and distribution (profile) 
of material removal by the ion beam is kept constant (asVhown in Figure 4) and s^cific Ses « SStoSS 
ac lev y rastenng the fixed-current beam across the workpiece at varying velocities. The figuring process relies on 
f®™'" 8 311 30011,316 figure error map of the workpiece surface. The solution process consists of choosing a pattern 
the beam traverses and determining the rastering velocities along that path. The removed material can be computed 
by convolving the ion beam's fixed removal profile and the Mastering velocity as 7^00^27^1 

2“?" r f ^ appropnate rastenn g velocities from the desired removal map and the known ion beam removal 
profile is therefore a deconvolution process. A unique method of performing this deconvolution was developed for the 
project based on research on singular expansions of filters [17]. The solution to a ta 

expressed in terms of derivatives of the known function and inverse moments of the filter TheVcon volution 
mfnTrn reqm f eS ? nfomi3tlon on moments of the ion beam removal profile and a series expansion of the surface 

Sihl* WOfk P1CCe ‘ A Un T e and Stable solution is then directly available. The assumption^ this algorithm is 
ti^at the expansion represent the desired removal map. There is no special consideration to the geomeuy of the 

prov,dai is exact 50 u,e accun,cy ° r r " » ^ rem °va i « 

SIMULATION RESULTS 

Lf77^7f7,K PrOCeSS Was devel0ped to veril > 1116 t^gorithms and to identify important issues and parameters 
at are critical for the proper operauon of the system. All simulations involve data from an actual 8 cm flat sample 
The process of figuring |he sample « ideal ila, and spherical concurs is ten anempicd ”“^8 a Sie 
convolution of the ion beam removal profile and the computed solution. The resulting reduction in the RMS 
1 ference between the actual surface contour ;md the desired surface contour is used as the measure of the efficiency of 
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the process. The sample has an initial error of 234 nm RMS from a flat plane, and 113 nm RMS from a 400 m 
radius sphere. The expansions representing the error contours (removal map) are polynomial series. The higher the 
order of the series, the more accurate the solution. Initial experiments were performed to evaluate the effect of the 
order on the performance of the system. The number of terms used in the series expansion representing the removal 
map was increased and corresponding increases in the efficiency of the process were observed. The results are s own 
in Figure 11 as the final RMS deviation from an idealized flat plane. 



Figure 11 Results of simulation to determine effects of expansion order. 

In Figure 12, the first point represents the initial RMS difference at the three expansion terms required to define a 
plane. The final RMS difference is directly related to the accuracy of the expansion fit. Using fifteen terms the error 
was reduced to 10 nm RMS and after one hundred terms to 3 nm RMS. Above approximately fifteen terms there is 
no significant increase in figure accuracy and 10 nm RMS is well below the accuracy of the original data. Other 
simulations were performed to determine the effects of systematic and random errors. The errors were introduced 
through the variations in the model of the beam function. The ideal beam function is modeled as a Gaussian 
distribution defined by two parameters: the width (X) and the amplitude (T). 

H(x,y) = rexp(--i^) 

The sensitivity of process to systematic and random errors in the parameters is observed in Figures 12, 13 and 14. 
These plots depict the improvement in the RMS difference from the desired figure. This information provides a 
quantified measurement of the relative sensitivity to errors in the beam parameters as well as the positioning of the 
beam with respect to the part. Experiments are planned to verify the simulations and to provide information on the 
accuracy and stability of the beam parameters and positioning. 
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Figure 12 Simulated improvement in RMS figure emir shown as a function of systematic and Normally 
distributed random error as a percentage of the modeled 
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Figure 13 Simulated improvement in RMS figure error shown as a function of systematic and Normally 
distributed random error as a percentage of the modeled T. 




Figure 14 Simulated improvement in RMS figure error shown as a function of systematic and Normally 
distributed random position error. 3 


CONCLUSIONS 


It has been demonstrated that a feasible process for fabricating ceramic mirrors is to employ a deterministic ductile- 
gnnding operation followed by a final ion beam contouring operation. A small ion machining facility has been 
established, and processing experiments on CVD SiC have been carried out. Removal rates for the ion beam have 
been characterized. The removal profile is largely gaussian in shape. CVD SiC samples were polished or micro- 
ground in preparation for final ion machining. Most of these pre-finished samples exhibited roughness in the 10-20 
A /f n J e , was founc * 11131 the success of the ‘on machining process was directly influenced by the existence of 
subsurface damage: samples containing subsurface damage suffered rapid deterioration in surface quality as a result of 
the ion machining. The observed sub-surface damage in polished samples is likely to be the residual effect of 
previous machining processes, rather than the direct result of polishing itself. As has been shown in previous work 
by many researchers, ductile grinding can produce damage-free, optical quality surfaces in SiC. Initial experiments 
revealed that high quality, ductile ground surfaces do not significantly roughen after removal of up to 5 urn of 
material by ion machining. The deconvolution algorithm for figuring optical components has been successfully 
developed and verified with simulations. Experiments are currently underway to validate these simulations on actual 
SiC and fused silica optical flats. 


TTie proposed processing technique shows promise as a viable alternative to conventional fabrication techniques in 
the production of mirror components and other precision surfaces. Moreover, the results of the experiments reported 
here indicate that ion machining can serve as an indicator of the existence and extent of subsurface damage in 
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specularly finished ceramic components. Because the ion sputtering rate is dependent on material properties and 
atomic species, this process can utilized for producing surface features in many different substrates. This technique is 
successfully utilized on a commercial basis for texturing surfaces on a relatively microscopic scale. The future of the 
process will be in producing macroscopic features such as optical surfaces. Another use can be found in sharpening 
diamond tools by the preferential etching along crystal orientation. Recent experiments performed at MSFC also 
used the process to produce conical ends on gradient index optical Fibers by the differential etching of the varying 
density material. The future will only bring increasing uses for this technique. Once the groundwork has been laid, 
commercialization of the process will naturally follow. 
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